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MULTILEVEL MIXED VALENCE OXIDE
(MVO) MEMORY

BACKGROUND

Computers and other electronic products, for example,
digital televisions, digital cameras, and cellular phones, often
have one or more memory devices to store information. Some
memory devices may have memory cells that are capable of
storing multiple bits of information in each memory cell. In
some cases, however, producing these types of memory
devices may pose challenges.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a block diagram of a memory device having
a memory array with memory cells, according to an embodi-
ment,

FIG. 2 shows a partial block diagram of a memory device
having a memory array including memory cells with access
components and memory elements, according to an embodi-
ment;

FIGS. 3 through 5 show schematic diagrams of examples
of different memory cells having different access components
coupled to memory elements, according to various embodi-
ments;

FIG. 6 A shows a cross-sectional view of a portion of a
memory cell, according to an example embodiment;

FIG. 6B shows an alternative cross-sectional view of a
portion of a memory cell, according to an example embodi-
ment;

FIGS. 7A through 7E show a memory cell having various
states and resistivity values, according to an example embodi-
ment;

FIGS. 8 A through 8D show the memory cell of FIGS. 7TA
through 7D having different values of currents tlowing from
a top electrode to a lower electrode 1n various read operations,
according to an example embodiment; and

FIGS. 9A through 9F show various portions of a fabrica-
tion process to form a memory cell, according to an example
embodiment.

DETAILED DESCRIPTION

The description that follows includes illustrative systems,
methods, techniques, and programming sequences that
embody the inventive subject matter. In the following descrip-
tion, for purposes of explanation, numerous specific details
are set forth 1n order to provide an understanding of various
embodiments of the inventive subject matter. It will be evi-
dent, however, to those skilled 1n the art that various embodi-
ments of the imventive subject matter may be practiced with-
out these specific details. Further, well-known instruction
instances, protocols, structures, methods, fabrication tech-
nologies, and techniques have not been shown 1n detail.

As used herein, the term “or” may be construed in an
inclusive or exclusive sense. Additionally, although various
exemplary embodiments discussed below focus on a multi-
level mixed valence oxide (MVO) memory, the embodiments
are merely given for clarity in disclosure, and thus, are not
limited to multilevel MVO memory. As an introduction to the
subject, a few embodiments will be described briefly and
generally in the following paragraphs, and then a more
detailed description, with reference to the figures, will ensue.

In various embodiments, a memory device 1s provided that
includes at least one memory element to store information,
with an electrode coupled to the at least one memory element.
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The electrode can include a number of metals, where a first
one of the metals has a Gibbs free energy for the formation of
oxide lower than the Gibbs free energy of oxidation of a
second one of the metals.

In embodiments of the memory device, each of the plural-
ity of metals 1s layered and substantially parallel to a surface
of the at least one memory element coupled to the plurality of
metals. In embodiments, the plurality of metals 1s dispersed
substantially randomly over a surface of the at least one
memory element coupled to the plurality of metals. In
embodiments, the at least one memory element 1s configured
to store multiple bits of information. In embodiments, the
memory device further includes a second electrode coupled to
the at least one memory element such that the at least one
memory element 1s disposed between the second electrode
and the first electrode. In embodiments, the at least one
memory element includes at least one ot Pr,Ca Mn O, La,-
Ca,MnO,, LaSr,Co,Y, T1i0,, HfO,, or ZrO,. In embodi-
ments, the at least one memory element includes a mixed
valence oxide.

In various embodiments, a memory device 1s provided that
includes a number of metals. The number of metals includes
a first metal having a Gibbs free energy of oxidation lower
than the Gibbs free energy of oxidation of a second metal. A
memory element 1n the device is electrically coupled to the
metals such that the memory element provides oxygen atoms
to the metals when a bias voltage 1s applied across the
memory element and the metals. The memory element 1s at
least partially comprised of a mixed valence oxide.

In embodiments of the memory device, the Gibbs free
energy of the first metal of the plurality of metals 1s more
negative than a Gibbs free energy of the memory element. In
embodiments, the memory device further includes a first elec-
trode and a second electrode, with the plurality of metals and
the memory element being disposed between the first elec-
trode and the second electrode. In embodiments, the memory
clement 1s configured to store bits of information. In embodi-
ments, the memory element includes oxygen.

In various embodiments, a memory device 1s provided that
includes a first electrode for coupling to a first voltage supply
terminal, at least one memory element coupled to the first
clectrode comprising a mixed valence oxide, and a second
clectrode for coupling to a second voltage supply terminal.
The second electrode includes a number of metals electrically
coupled to the at least one memory element. The metals
include at least one metal oxide to store information 1n the at
least one memory element 1n response to an electrical bias
generated by a voltage supply coupled to the first and second
clectrodes.

In embodiments of the memory device, a first metal of the
plurality of metals has a Gibbs free energy of oxidation lower
than a Gibbs free energy of oxidation of a second metal of the
plurality of metals. In embodiments, the at least one memory
clement includes a material having oxygen.

In various embodiments, a method of forming a memory
device 1s described, including forming a memory material on
a substrate and forming a first metal over the memory mate-
rial. The first metal has a Gibbs free energy of oxidation more
negative than a Gibbs free energy of the memory material. A
second metal 1s formed over the memory material with the
second metal having a Gibbs free energy more negative than
the Gibbs free energy of the first metal. The memory device 1s
annealed to at least partially oxidize the first metal but not
necessarily the second metal.

In embodiments of the method of forming a memory
device, the method includes supplying oxygen atoms to oxi-
dize the first metal and the second metal from the memory
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material. In embodiments, the method includes supplying
gaseous oxygen to the memory device during the annealing to
supply oxygen atoms to oxidize the first metal and the second
metal. In embodiments, the method includes forming the first
metal and the second metal in alternate layers. In embodi-
ments, the method includes forming the first metal and the
second metal concurrently.

In various embodiments, a method of forming a memory
device 1s described, including forming a mixed valence oxide
on a substrate, forming a {irst metal over the mixed valence
oxide, forming a second metal over the mixed valence oxide,
and at least partially oxidizing the first metal with oxygen
atoms from the mixed valence oxide.

In embodiments of the method of forming a memory
device, the forming of the first metal and the second metal
over the mixed valence oxide includes forming the first metal
having a Gibbs free energy of oxidation more negative than a
(Gibbs free energy of the mixed valence oxide, and forming
the second metal having a Gibbs free energy of oxidation
more negative than the Gibbs free energy of oxidation of the
first metal. In embodiments, the method 1includes forming the
first metal and the second metal consecutively. In embodi-
ments, the method includes forming the first metal and the
second metal concurrently. In embodiments, the first metal
and the second metal include different metal materials.

Referring now to FIG. 1, a block diagram of a memory
device 101 1s shown. The memory device 101 1s shown to
include a memory array 102 having a plurality of memory
cells 100 according to an embodiment. The memory cells 100
can be arranged 1n rows and columns along with access lines
104 (e.g., wordlines to conduct signals WL0 through WLm)
and {irst data lines 106 (e.g., bit lines to conduct signals BL.0
through BLn). The memory device 101 can use the access
lines 104 and the first data lines 106 to transier information to
and from the memory cells 100. A row decoder 107 and a
column decoder 108 decode address signals A0 through AX
on address lines 109 to determine which ones of the memory
cells 100 are to be accessed.

A sense amplifier circuit 110 operates to determine a value
of information read from the memory cells 100 and the infor-
mation 1n the form of signals to the first data lines 106. The
sense amplifier circuit 110 can also use the signals on the first
data lines 106 to determine values of information to be written
to the memory cells 100.

The memory device 101 1s further shown to include cir-
cuitry 112 to transfer information between the memory array
102 and mput/output (I/0) lines 105. Signals DQO through
DON on the I/O lines 105 can represent information read
from or written mto the memory cells 100. The I/O lines 1035
can include nodes within the memory device 101 (or alterna-
tively, pins, solder balls, or other interconnect technologies
such as controlled collapse chip connection (C4), or tlip chip
attach (FCA)) on a package where the memory device 101
can reside. Other devices external to the memory device 101
(e.g., a memory controller or a processor, not shown 1n FIG.
1) can communicate with the memory device 101 through the
[/O lines 105, the address lines 109, or control lines 120.

The memory device 101 can perform memory operations,
such as a read operation, to read information from selected
ones of the memory cells 100 and a programming operation
(also referred to as a write operation) to program (e.g., to
write) information mnto selected ones of the memory cells
100. The memory device 101 can also perform a memory
erase operation to clear information from some or all of the
memory cells 100. A memory control unit 118 controls
memory operations based on signals on the control lines 120.
Examples of the signals on the control lines 120 can 1nclude
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one or more clock signals and other signals to indicate which
operation (e.g., a programming or read operation) the
memory device 101 can or should perform. Other devices
external to the memory device 101 (e.g., a processor or a
memory controller) can control the values of the control
signals on the control lines 120. Specific values of a combi-
nation of the signals on the control lines 120 can produce a
command (e.g., a programming or read command) that can
cause the memory device 101 to perform a corresponding
memory operation (e.g., a program, read, or erase operation).

Each of the memory cells 100 can be programmed to store
information representing a value of a single bit or a value of
multiple bits such as two, three, four, or a higher number of
bits. For example, each of the memory cells 100 can be
programmed to store information representing a binary value
“0” or “1”” of a single bit. The single bit per cell 1s sometimes
called a single level cell. In another example, each of the
memory cells 100 can be programmed to store information
representing a value representing multiple bits, such as one of
four possible values “00,” “01,” “10,” and “11” of two bits,
one of eight possible values “000,” “001,” “010,” “011,”
“100,7101,7“110.,”and “111” of three bits, or one of another
set of values of multiple bits. A cell that has an ability to store
multiple bits 1s sometimes referred to as a multi-level cell (or
multi-state cell). Various operations on these types of cells are
discussed 1n more detail, below.

The memory device 101 can receive a supply voltage,
including supply voltage signals Vcc and Vs, on a {irst sup-
ply line 130 and a second supply line 132, respectively. Sup-
ply voltage signal Vss can operate at a ground potential (e.g.,
having a value of approximately zero volts). Supply voltage
signal Vcc can include an external voltage supplied to the
memory device 101 from an external power source such as a
battery or an alternating-current to direct-current (AC-DC)
converter circuitry (not shown in FIG. 1).

The circuitry 112 of the memory device 101 1s further
shown to include a select circuit 115 and an input/output (1/0)
circuit 116. The select circuit 115 can respond to signals
SEL1 through SELn to select signals on the first data lines 106
and the second data lines 113 that can represent the informa-
tion read from or programmed 1nto the memory cells 100. The
column decoder 108 can selectively activate the SELI1
through SELn signals based on the A0 through AX address
signals on the address lines 109. The select circuit 115 can
select the signals on the first data lines 106 and the second
data lines 113 to provide communication between the
memory array 102 and the IO circuit 116 during read and
programming operations.

The memory device 101 can include a non-volatile
memory device and the memory cells 100 can include non-
volatile memory cells such that the memory cells 100 can
retain information stored therein when power (e.g., Vcc, Vss,
or both) 1s disconnected from the memory device 101.

Each of the memory cells 100 can include a memory ele-
ment having material, at least a portion of which can be
programmed to change the resistance value of the matenal.
Each of the memory cells 100 can have a state corresponding
to a resistance value when each of the memory cells 100 1s
programmed 1n a programming operation. Dilferent resis-
tance values can thus represent different values of informa-
tion programmed in each of the memory cells 100. This type
of memory element and 1ts related resistance values are dis-
cussed 1n more detail, below.

The memory device 101 can perform a programming,
operation when 1t receives (e.g., from an external processor or
a memory controller) a programming command and a value
of imnformation to be programmed into one or more selected
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ones of the memory cells 100. Based on the value of the
information, the memory device 101 can program the
selected memory cells to cause them to have appropriate
resistance values to represent the values of the information
stored therein.

One of ordinary skill 1in the art may recognize that the
memory device 101 may include other components, at least
some of which are discussed herein. However, several of
these components are not necessarily shown 1n the figure, so
as not to obscure the various embodiments described. The
memory device 101 may include devices and memory cells,
and operate using memory operations (e.g., programming
and erase operations) similar to or identical to those described
below with reference to various other figures and embodi-
ments discussed herein.

With reference now to FIG. 2, a partial block diagram of a
memory device 201 1s shown to include a memory array 202
including memory cells 200 with access components 211 and
memory elements 222, according to an example embodiment.
The memory array 202 may be similar or identical to the
memory array 102 of FIG. 1. As further shown 1n FIG. 2, the
memory cells 200 are shown to be arranged in a number of
rows 230,231,232, along with access lines, for example word
lines, to conduct signals such as signals WL0, WL1, and
WL2. The memory cells are also shown to be arranged 1n a
number of columns 240, 241, 242 along with data/sense lines,
for example bit lines, to conduct signals such as signals BLO,
BL1, and BL2. The access components 211 can turn on (e.g.,
by using appropriate values of signals WLO, WL1, and WL2)
to allow access to the memory elements 222 to read informa-
tion from or program (e.g., write) mmformation mto the
memory elements 222.

Programming information into the memory elements 222
can include causing the memory elements 222 to have spe-
cific resistance values. Thus, reading information from the
memory elements 222 can include measuring a resistance
value of each of the memory elements 222. Measuring the
resistance can include sensing a value of a current flowing,
through various ones of the memory cells 200. Based on a
measured value of the current, a corresponding value of the
information stored in the memory can be determined. A deter-
mination of the information based on the value of the current
1s discussed 1n more detail, below.

FIGS. 3 through 5 each show a schematic diagram of
examples of different memory cells 300, 400, 500 having
different access components 311, 411, 511 coupled to
memory elements 333, 444, 555, according to various
embodiments. Lines labeled WL and BL 1n FIGS. 3 through
5 can correspond to any one of the access lines 104 and any
one of the first data lines 106 of FI1G. 1, respectively. FIGS. 3
through 3 show examples of the access components 311, 411,
511 including a metal-oxide-semiconductor field-effect tran-
sistor (MOSFET), a bipolar junction transistor (BJT), and a
diode, respectively. As will be realized by one of ordinary
skill, upon reading this disclosure, the memory cells 300, 400,
500 can 1nclude other types of access components.

Each of the memory elements 333, 444, 555 can be coupled

to and disposed between two electrodes, such as a first elec-
trode 351 and a second electrode 352 (FI1G. 3), afirst electrode

451 and a second electrode 452 (FIG. 4), or a first electrode
551 and a second electrode 552 (FIG. 5). FIGS. 3 through 35
schematically show each of these electrodes as dots. Struc-
turally, each of these electrodes can include a conductive
material. Respective ones of the memory elements 333, 444,
5355 can 1include a material that can be changed, for example,
in response to a signal, to have different resistance values. The
value of information stored in the memory element can cor-
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respond to the resistance value of the memory element. The
access components 311, 411, 511 can enable signals (e.g.,
embodied as a voltage or current) to be transierred to and
from the memory elements 333, 444, 555 via the respective
pairs of electrodes during operation of the memory cells such
as read, program, or erase operations.

A programming operation may use signal WL to turn on
the access components 311, 411, 511, and then apply a signal
(e.g., a signal having a programming voltage or current)
through the memory elements 333, 444, 555. Such a signal
can cause at least a portion of the matenial of the memory
clements 333, 444, 555 to change. The change can be reversed
by, for instance, performing an erase operation. For example,
dielectrics can be created at or near surfaces of one or more

metals within the memory elements through oxidation of the

one or more metals. The oxidation process 1s discussed 1n
more detail, below, for example, with reference to FIGS. 6 A
and 6B. The dimensions of these dielectrics can be changed 1n
at least a portion of the memory elements 333, 444, 555
during a programming operation. Ditferent dimensions, such
as different thicknesses, of the dielectric may cause the
memory elements 333, 444, 5355 to have different resistance
values. The differences in resistance values can be used to
represent different states that represent different values of the
information that 1s stored in the memory elements 333, 444,
555.

A read operation may use the signal WL to turn on the
access components 311, 411, 511, and then apply a signal
having a voltage or a current (e.g., a read voltage or current)
through the memory elements 333, 444, 555. The read opera-
tion may measure the resistance of the memory cells 300, 400,
500, based on a read voltage or current, to determine the
corresponding value of information stored therein. For
example, 1n each of the memory cells 300, 400, 500, a differ-
ent resistance value can impart a different value (e.g., voltage
or current value) to signal B when a read current passes
through the memory elements 333, 444, 5355. Other circuitry
of the memory device (e.g., a circuit such as the 1/O circuit
116 of F1G. 1) can use the signal BL to measure the resistance
value of memory elements 333, 444, 555 to determine the
value of the information stored therein.

The voltage or current used during a read, program, or
crase operation can be different from one another. For
example, 1n a programming operation, the value (e.g., the
voltage) of the signal (e.g., the signal BL in FI1G. 3 or FIG. 4
or the signal WL 1n FIG. §) that creates a current flowing
through the memory element can be sufficient to cause the
material of at least a portion of the memory element to
change. The change can alter the resistance value of the
memory element to reflect the value of the information to be
stored 1n the memory elements 333, 444, 555.

In aread operation, the value (e.g., the voltage) of the signal
(e.g., the signal BL in FIG. 3 or FIG. 4 or the signal WL 1n
FIG. 5) that creates a current flowing through the memory
clement can be sulficient to create the current but insufficient
to cause any portion of the memory element to change. Con-
sequently, the value of the information stored in the memory
clement can remain unchanged during and after the read
operation.

In an erase operation, the voltage value of the signal (e.g.,
the signal BL 1n FIG. 3 or FIG. 4 or the signal WL 1n FIG. §5)
can have an opposite polarity from the voltage used in a
programming operation. The signal, creating a current 1n this
case, can therefore change, or reset, the material of the
memory element to its original state; for example, a state prior
to any programming being performed on the memory cells.
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Various ones or all of the memory cells 100, 200, 300, 400,
500 of FIGS. 1 through 5 can include a memory cell having a
structure similar or 1dentical to one or more of the memory
cells described below.

For example, FIG. 6 A shows a cross-sectional view of a
portion ol a memory cell 600, according to an example
embodiment. The material 1n the memory cell 600 can have
different states to store information representing a single bit
or multiple bits, as described 1n more detail below with ret-
erence to FIGS. 7A through 7E and FIGS. 8 A through 8D.

With continued reference to FIG. 6 A, the memory cell 600
1s shown to 1nclude a top electrode 601, a first dielectric 603,
a lower electrode 605, a second dielectric 607, a memory
material 609, and a multi-layer stack electrode 611 disposed
between the top electrode 601 and the memory material 609.
In an example embodiment, the first dielectric 603 and the
second dielectric 607 can each be fabricated from a variety of
non-conductive materials including silicon dioxide (510, ),
various types ot silicon mitride (S1,N, ), or other types of one
or more dielectric materials known independently 1n the art.
In other embodiments, the first dielectric 603 and the second
dielectric 607 can be fabricated as a single continuous layer or
as a series of layers. Details of exemplary fabrication pro-
cesses are discussed 1n more detail, below, with reference to
FIGS. 9A through 9F.

The top electrode 601 and the lower electrode 605 may
cach be fabricated from a number of conductive materials
known 1n the art, and each electrode may be fabricated from
the same material or from a different material. For example,
the top electrode 601 and the lower electrode 605 can be
fabricated from platinum (Pt), aluminum (Al), copper (Cu),
tungsten (W), or a number of other conductive materials
known mdependently 1n the art. The material chosen to fab-
ricate the top electrode 601 and the lower electrode 605 canbe
an inert material, such that it may remain unchanged (e.g., the
lower electrode 605 does not react with the memory material
609) when a signal 1s applied to the top electrode 601 (e.g.,
during programming of the memory cell 600). The top elec-
trode 601 and the lower electrode 605 can each be deposited,
sputtered, or otherwise formed onto a base material or sub-
strate (not shown explicitly 1n FIG. 6 A but discussed with
reference to FIGS. 9A through 9F, below). As used herein, the
term substrate 1s simply chosen to refer to any of various
substrate types used in the semiconductor and allied indus-
tries. Substrate types may therefore include silicon wafers,
compound wafers, thin film head assemblies, polyethylene-
terephthalate (PET) films, photomask blanks and reticles, or
numerous other types of substrates known independently in
the art.

The memory material 609 may be comprised of a dielectric
material, which may include a combination of matenals,
including oxygen. For example, the memory material 609 can
include Pr,CaMnO, LaCaMnO,, LaSrCo.Y, TiO,,
H1O_, ZrO_, and other dielectric materials.

The multi-layer stack electrode 611 can be comprised of a
number of different metals. The metals can include, for
example, aluminum (Al), platinum (Pt), titanium (11), tung-
sten (W), titanium nitride ('TiN), tantalum nitride (TalN), tung-
sten mitride (WN, ), tungsten oxide (WO, ), ruthenium (Ru),
ruthenium oxide (RuO, ), hatnium silicide (HIS1 ), nickel sili-
cide (N1S1,), and other metals or materials. Each of a first
metal 611A, a second metal 611B, and a third metal 611C of
the multi-layer stack electrode 611 may include only a single
clement (e.g., only a single metal). For example, the first
metal 611A may include only a single metal (e.g., only alu-
minum), the second metal 611B may include only a single
metal (e.g., titantum) that 1s different from the metal of first
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metal 611A, and the third metal 611C may include only a
single metal (e.g., tungsten) that 1s different from either the
first 611 A or the second 611B metals. Alternatively, one or
more ofthe first 611A, second 611B, or third 611C metals can
include only a single element (e.g., only a single metal) and
the remaining metal or metals can include a combination
(e.g., a compound) of two or more elements. Moreover, each
ofthe 611A, second 611B, and third 611C metals can include
a combination of two or more elements. For example, the first
metal 611A can include a combination of two or more ele-
ments and the second 611B and third 611C metals can each
include other combinations of two or more elements where
the combinations are each different from one another. In other
embodiments, alternating metals or metal combinations (e.g.,
the first metal 611 A and the third metal 611C) can be the same
as one another but different from the second metal 611B.

Although FIG. 6A shows that the multi-layer stack elec-
trode 611 includes the first 611A, second 611B, and third
611C metals, the multi-layer stack electrode 611 can incor-
porate any number of metals. Thus, the three-metal stack
shown 1n FIG. 6A 1s merely provided as an example. Each of
the metals 1n the multi-layer stack electrode 611 may be
deposited or otherwise formed by, for example, atomic layer
deposition (ALD), chemical vapor deposition (CVD), physi-
cal vapor deposition (PVD), or a number of other techniques
and formation processes know independently 1n the semicon-
ductor and related industries. In one embodiment, each of the
metals 1n the multi-layer stack electrode 611 1s deposited by
ALD to a few monolayers 1n thickness. The ALD process
allows a single monolayer of material to be formed at a time.

Each ofthe first 611A, second 611B, and third 611C metals
may physically contact each other, but they may or may not
chemically bond to one another. For example, the first 611A,
second 611B, and third 611C metals of the multi-layer stack
clectrode 611 may not be, either partially or tully, bonded to
one another as an alloy or compound. As shown with refer-
ence to FIG. 6 A, the third metal 611C 1s electrically coupled
to and can be at least partially in physical contact with the
memory material 609. The first metal 611A 1s electrically
coupled to and can be at least partially i physical contact
with the top electrode 601.

These direct contacts allow each of the first 611 A, second
611B, and third 611C metals to react with the memory mate-
rial 609 during an operation (e.g., a program, read, or erase
operation) of the memory cell 600, perhaps allowing the
memory cell 600 to have different states. For example, a
positive voltage applied to the top electrode 601 may induce
oxidation of the metal near an interface of one or more layers
of the multi-layer stack electrode 611 and the memory mate-
rial 609. A large Gibbs Ifree energy of oxidation results in a
higher driving force towards oxide formation. The oxidation
results 1n a resistive oxide layer that dominates an overall
resistance of the memory cell 600 (as measured from the top
clectrode 601 to the lower electrode 605), thereby switching
the memory cell 600 1nto a more resistive state. As discussed
below, the oxidation process 1s reversible. The resistive states
can be used to represent different values of information stored
in the memory cell 600. A more detailed description of the
various states 1s provided, below, with reference to FIGS. 7A
through 7E and FIGS. 8A through 8D.

With reference now to FIG. 6B, an alternative cross-sec-
tional view of a portion of a memory cell 630 1s shown,
according to an example embodiment. Similar to the memory
cell 600 of FIG. 6A, the material 1n the memory cell 630 can
have different states to store information representing a single
bit or multiple bits. However, rather than the multi-layer stack
clectrode 611 construction of the memory cell 600 of FIG.
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6A, the memory cell 630 of FIG. 6B 1s shown to include a
mixed layer electrode 631. As described 1n more detail,
below, the mixed layer electrode 631 of FIG. 6B functions in
a manner similar or 1dentical to the multi-layer stack elec-
trode 611 of FIG. 6 A. Although the mixed layer electrode 631
1s shown to include a first 631A, a second 631B, and a third
631C metal particle type, any number of particle types may be
used.

The mixed layer electrode 631 of FIG. 6B 1s comprised of
a number of different metal particles. In an embodiment, the
metal particles may be 1n physical contact with one another.
In other embodiments, the metal particles may be 1solated
from one another by an intervening dielectric material formed
between at least some of the metal particles; that 1s, a colloidal
system (1.e., dispersed phase metal particles 1n a dielectric
continuous medium). In other embodiments, the metal par-
ticles are randomly dispersed in the colloidal system. In still
other embodiments, a combination of metal particles 1n con-
tact with one another and the colloidal system may be used.

As with the multi-layer stack electrode 611 of FI1G. 6 A, the
mixed layer electrode 631 can include metal particles
selected from a plurality of metals. For example, the metals
can include aluminum (Al), platinum (Pt), titanium (1),
tungsten (W), titanium nitride (T1N), tantalum nitride (TaN),
tungsten nitride (WN_), tungsten oxide (WQO,), ruthenium
(Ru), ruthentum oxide (RuQO,), hainium silicide (HiS1,),
nickel silicide (N1S1, ), and other metals or materials. Each of
the first 631 A, second 631B, and third 631C metal particle
type of the mixed layer electrode 631 may include only a
single element (e.g., only a single metal). For example, the
first metal particle type 631 A may include only a single metal
(e.g., only aluminum), the second metal particle type 631B
may include only a single metal (e.g., titanium) that 1s differ-
ent from the metal of first metal particle type 631A, and the
third metal particle type 631C may include only a single metal
(e.g., tungsten) that 1s different from either the first 631A or
the second 631B metal particle types. Alternatively, one or
more of the first 631A, second 631B, or third 631C metal
particle types can include only a single element (e.g., only a
single metal) and the remaining particle or particles can
include a combination (e.g., a compound) of two or more
elements. Moreover, each of the 631A, second 631B, and
third 631C metal particle type can include a combination of
two or more elements. For example, the first metal particle
type 631A can include a combination of two or more elements
and the second 631B and third 631C metal particle types can
cach include other combinations of two or more elements that
are each different from one another. In other embodiments,
alternating metals or metal combinations (e.g., the first metal
particle type 631 A and the third metal particle type 631C) can
be the same as one another but different from the second metal
particle type 631B.

FIGS. 7A through 7E show a memory cell 700 having
various states and resistivity values, according to an example
embodiment. The memory cell 700 1s similar to the memory
cell 600 of FIG. 6 A or the memory cell 630 of FIG. 6B except
tor the number of metal layers within a two-layer stack elec-
trode 711 as shown in FIGS. 7A through 7E. The two-layer
stack electrode 711 has a first metal 713 A and a second metal
715A. The first 713A and the second 715A metals can be
formed similarly and from similar or the same materials as the
first 611A, second 611B, and third 611C metals of FIG. 6A.

Thus, the two-layer stack electrode 711 has only two met-
als as compared with the three metals of the multi-layer stack
clectrode 611 or the three metal particle types of the mixed
layer electrode 631 of FIG. 6B. The practical difference
between the two examples 1s the number of available states,
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which depends on the number of metal types. For example, in
some embodiments, two metal types can yield four states (1.e.,
2°=4), three metal types can yield eight states (i.e., 2°=8), four
metal types can yield sixteen states (i.e., 2°=16), and so on.
Thus, the two-layer stack electrode 711 1s described for rea-
sons of brevity. Upon reading this disclosure, one of ordinary
skill 1n the art will understand how to apply the techniques
described to more than two metal types, to construct and
operate a memory cell with more than four corresponding
available states.

With continuing reference to FIG. 7A, under a certain
condition, such as under the application of a signal 1n the form
of a bias voltage (discussed with reference to FIGS. 7B
through 7E) applied to the top electrode 601 during a pro-
gramming operation performed on the memory cell 600, the
first 713 A and the second 715 A metals of the two-layer stack
clectrode 711 can react with the memory material 609. As
described below, the reaction between the materials can cre-
ate a dielectric material from one or both of the first 713A and
the second 715A metals and the memory material 609. The
presence or absence of the dielectric material or a change in
the dimension (e.g., thickness) of the dielectric maternial can
cause the memory cell 700 to have different memory states
due to different resistance values caused by the presence/
absence or various thicknesses of the one or more dielectric
materials.

FIGS. 7A through 7D show four example states in the
memory cell 700, including state 0, state 1, state 2, and state
3. Each of these states can be created by applymg different
bias voltage levels to the top electrode 601 during a memory
operation, such as a programming operation.

In FIG. 7A, no bias voltage 1s applied (1.e., the bias voltage
1s approximately zero) and, consequently, no dielectric mate-
rial 1s created in the memory material 609. Thus, 1n this
example, the memory cell 700 1s at a state 0.

In FIG. 7B, and with continuing reference to FIG. 7A, 1n
response to applying a suilicient bias voltage V, (e.g., a sul-
ficient magnitude of apositive voltage V, ) to the top electrode
601, the two-layer stack electrode 711 can react with the
memory material 609 to create a dielectric material 731A
having a thickness 731B between the two-layer stack elec-
trode 711 and the memory material 609. The first metal 713 A
or FIG. 7A may be partially consumed to form a first metal
713B and a portion of the dielectric material 731 A of FIG. 7B.
Thus, the dielectric material 731 A 1s at least partially an oxide
of the first metal 713B. The first metal 713B 1s similar to the
first metal 713 A but 1s partially consumed by an interaction
with oxygen. The oxygen in the dielectric material 731A 1s
provided by the memory material 609. For example, in
response to the signal having a suilicient positive voltage
(e.g., the bias voltage V,), negative oxygen 1ons from the
memory material 609 diffuse to the two-layer stack electrode
711 and react with the first metal 713A of FIG. 7A. The
dielectric matenial 731 A therefore directly contacts the first
metal 713B.

As aresult of the sufficient bias voltage V, being applied to
the memory cell 700 at the top electrode 601, the dielectric
material 731A i FIG. 7B changes the structure of at least a
portion of the memory material 609 relative to the structure
shown 1n FIG. 7A. Thus, the state of the memory cell 700 can
also change, such as from state 0 (FIG. 7A) to state 1 (FIG.
7B) due to an increased resistance 1n the memory cell 700.
The increased resistance, as measured from the top electrode
601 to the lower electrode 605, i1s due to the formation of the
dielectric material 731A.

With reference again to FIG. 7A, the application of a sui-
ficient bias voltage may create a dielectric material based on
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only the first metal 713 A and not the second metal 715A. The
formation of any dielectric material 1s attributable to the first
713A and the second 715A metals being different from one
another. Different materials (e.g., different metals) have dii-
ferent propensities to form oxide, based on, for example, the
Gibb’s free energy of oxide formation for each material.
Thus, 1T the first metal 713 A (e.g., aluminum) 1s more reactive
to oxide formation than the second metal 715A (e.g., tita-
nium), then for a given voltage (e.g., V) only a certain thick-
ness of oxide may be generated. In this example, for the same
bias voltage V,, no oxide matenal (e.g., no oxide of titantum)
may be created. However, if a voltage applied to the top
clectrode 601 1s increased (e.g., to a voltage greater than V),
then additional dielectric materials may also be created
between portions of the second metal 715A and the memory
material 609. In some embodiments, the potential of bias
voltages for voltage V, include about 1 volt but can range
from about 0 volts to about 5 volts.

Referring now to FIG. 7C, 1n response to a sulficient bias
voltage V, (e.g., a positive bias voltage V., greater than the
bias voltage V1 of FIG. 7B) applied to the top electrode 601,
the second metal 715B of the two-layer stack electrode 711
may react with the memory material 609 to create a second
dielectric material 753A. The second dielectric material
753A has a second thickness 753B. Additionally, a first
dielectric material 751 A has a first thickness 751B greater
than the thickness 731B of the dielectric material 731 A of the
memory cell 700 of FIG. 7B. The dielectric material 731A
was formed by application of the bias voltage V,. Thus, in
response to the sufficient bias voltage V,, negative oxygen
ions from the memory material 609 diffused to the two-layer
stack electrode 711 and reacted with the first 713C and second
7158 metals. The reaction created oxide of material compris-
ing the first 751 A and second 753A dielectric matenals. In
some embodiments, the potential of bias voltages for voltage
V, include about 1.4 volts but can range from about 0 volts to
about 5 volts.

The additional thickness on the first dielectric matenal
751A 1s due to more oxygen 1ons being attracted to the
increased potential ot V, over V, caused by the application of
the bias voltage V, 1n FIG. 7C. However, 1n some situations,
depending at least partially on a composition of the memory
material 609, the application of the bias voltage V', of F1G. 7B
may saturate the oxidation mechanism for forming the dielec-
tric material 731 A. When the oxidation mechanism 1s satu-
rated, the application of an increased bias potential, for
example, bias voltage V, of FIG. 7C to the top electrode 601,
may cause the first thickness 751B of the first dielectric mate-
rial 751A to be close to or substantially the same thickness as
the thickness 731B of the dielectric material 731 A of FIG. 7B.

The formation of the first 751A and the second 753A
dielectric materials of FIG. 7C change the structure of the
memory material 609 relative to the structures of the memory
cell 700 shown 1n etther FIG. 7A or FIG. 7B. Thus, the state
of memory cell 700 can also change, such as from state 1
(FIG. 7B) to state 2 (FIG. 7C) due to an increased resistance
in the memory cell 700. The increased resistance, as mea-
sured from the top electrode 601 to the lower electrode 605, 1s
due to the formation of the first 751 A and the second 753A
dielectric materials.

In FIG. 7D, 1n response to a suilicient bias voltage V3 (e.g.,
a positive bias voltage V; greater than the bias voltage V., of
FIG. 7C) applied to the top electrode 601, the second metal
715C of the two-layer stack electrode 711 may react with the
memory material 609 to create a second dielectric material
773A. The second dielectric material 773A has a second
thickness 773B. Additionally, a first dielectric material 771 A
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has a first thickness 771B greater than the first thickness 751B
of the first dielectric material 751A of the memory cell 700 of
FIG. 7C. The first dielectric material 751 A (FIG. 7C) was
formed by application of the bias voltage V,. Thus, 1n
response to the suilicient bias voltage V,, negative oxygen
ions from the memory material 609 diffused to the two-layer
stack electrode 711 and reacted with the first 713D and the
second 715C metals. The reaction created oxides ol material
comprising the first 771A and second 773 A dielectric mate-
rials. In some embodiments, the potential of bias voltages for
voltage V ; include about 1.4 volts but can range from about O
volts to about 5 volts.

The additional thickness on the first dielectric material
771A 1s due to more oxygen 1ons being attracted to the
increased potential of V; overV, caused by the application of
the bias voltage V, 1n FIG. 7D. However, 1n some situations,
depending at least partially on a composition of the memory
material 609, the application of the bias voltage V, ol FIG. 7B
or V, of FIG. 7C may saturate the oxidation mechanism for
forming the dielectric material 731A of FIG. 7B or the first
dielectric material 751 A of FIG. 7C. When the oxidation
mechanism 1s saturated, the application of an increased bias
potential, for example, bias voltage V, ot FIG. 7D to the top
clectrode 601, may cause the first thickness 771B of first
dielectric material 771A to be close to or substantially the
same thickness as the first thickness 751B of the first dielec-
tric material 751A of FIG. 7C.

The formation of the first 771 A and the second 773A
dielectric materials of FIG. 7D change the structure of the
memory material 609 relative to the structures of the memory
cell 700 shown 1n any of FIG. 7A, 7B, or 7C. Thus, the state
of memory cell 700 can also change, such as from state 2
(FI1G. 7C) to state 3 (FIG. 7D) due to an increased resistance
in the memory cell 700. The increased resistance, as mea-
sured from the top electrode 601 to the lower electrode 603, 1s
due to the formation of the first 771 A and the second 773 A
dielectric materials.

As described, above, with reference to FIGS. 6 A and 6B,
the material of the lower electrode 605 can be an 1nert mate-
rial. Thus, selecting the lower electrode to be formed from an
inert material can prevent or reduce reactions between the
lower electrode 605 and the memory material 609 during
application of a bias voltage to the top electrode 601. Conse-
quently, during the applications of the bias voltages V,, V,, or
V; tothetop electrode 601, as shown 1n FIGS. 7B through 7D,
respectively, no dielectric materials may be created at the
interface between the lower electrode 6035 and the memory
material 609. Theretore, the lower electrode 605 can remain
directly contacting the memory material 609 without a neces-
sity for a dielectric material between the lower electrode 605
and the memory material 609.

The application of the signals 1n the form of bias voltages
V., V,,orV; to create various ones of the dielectric materials
between the interface of the multi-layer stack electrode 611 or
the mixed layer electrode 631, of FIGS. 6 A and 6B, respec-
tively, and the memory material 609, as described above with
reference to FIGS. 7A through 7D, can be applied during a
programming operation. Although FIGS. 7A through 7D are
only described in detail with reference to the multi-layer stack
clectrode 611, one of ordinary skill in the art, upon reading
this disclosure, will understand how the same or similar tech-
niques are applicable with reference to the mixed layer elec-
trode 631 of FIG. 6B.

With retference now to FI1G. 7E, a signal in the form of a bias
voltage V, with a polarity that 1s opposite to thatof V,, V,, or
V, (e.g., negative) 1s applied to the top electrode 601. A
suificient negative bias voltage V, can reduce the thickness of
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some or all of dielectric materials previously formed with
reference to FIGS. 7B through 7D. Thus, the application of
the negative bias voltage V , can be applied to the top electrode
601 during an erase operation. In response to the suificiently
negative bias voltage V, being applied to the top electrode
601, negative oxygen 1ons from the various dielectric mate-
rials may diffuse to the memory material 609, thereby reduc-
ing the thickness of the dielectrics. 11 the negative voltage at
the top electrode 601 1s sulficiently large, the negative voltage
may dissolve the dielectric materials. Consequently, the
memory cell 700 may return to its original state (e.g., state 0)
once the dielectric materials are sufliciently reduced 1n thick-
ness or dissolved. In some embodiments, the potential of bias
voltages for voltage V , include about 2 volts to tull erase

For example, 1 the memory cell 700 1s 1n any of state 1
(FIG. 7B), state 2 (FIG. 7C), or state 3 (FIG. 7D), the appli-
cation of the bias voltage V, (e.g., with a polarity that 1s
opposite to that of V,, V,, or V, and thus, sufliciently nega-
tive) to the top electrode 601 can reduce the thickness of or
dissolve the formed dielectric materials between the top elec-
trode 601 and the memory material 609 1n these states. In this
example, the memory cell 700 can return from state 1, state 2,
or state 3 back to state 0 as shown 1n FIG. 7E. State 0 of FIG.
7E 1s the same state of the memory cell 700 of FIG. 7A, where
substantially no dielectric materials are present in the
memory material 609.

As described above, the various states, such as states 0, 1,
2, and 3 of the memory cell 700, can each be used to represent
information stored in the memory cell 700. For example, the
memory cell 700 can be used as a non-volatile two-bit
memory cell. States 0, 1, 2, and 3, as described above, can be
used to represent four possible combinations of the two bits.

Also as described above, the embodiments depicted 1n
FIGS. 7A through 7D show the formation of four states 0, 1,
2, and 3 of the memory cell 700. However, any other number
of states can be formed, by applying different signals having
different voltage values to create different states. For
examples, 11 the two-layer stack electrode had been fabricated
with three rather than two metals, eight signals (or a single
signal) having eight different voltages can be applied to the
top electrode 601 to create eight corresponding different
states 1n the memory cell 700. The eight different states can be
used to represent eight different possible combinations of
three bits. In this example, the memory cell 700 can be used
as a non-volatile three-bit memory cell.

The state of the memory cell 700, such as states 0,1, 2, and
3, can be formed during the programming of the memory
device (e.g., the memory device 101 of FIG. 1) in which the
memory cell 700 resides. The information stored therein can
then be retrieved during a read operation.

FIGS. 8A through 8D show the memory cell 700 of FIGS.
7A through 7D, respectively, having different values of cur-
rents 14, 1, 1,, and 1, flowing from the top electrode 601 to the
lower electrode 605 1n various read operations. The current 1s
produced 1n response to a signal having a voltage V,__  being
applied to the top electrode 601, according to an example
embodiment. The application of the signal having voltage
V . can be applied to the multi-layer stack electrode 611
during, for example, a read operation.

As shown 1n FIGS. 8A through 8D, the memory material
609 has zero or more dielectric materials, the dielectric mate-
rials having different thicknesses as noted with reference to
FIGS. 7A through 7D. As a result of the different dielectric
materials, the memory cell 700 can have different resistance
values 1n each of FIGS. 8A through 8D.

For example, based on the thickness of the various dielec-
tric materials, the resistance value 1n state 0 1s less than the
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resistance value 1n state 1; the resistance value in state 1 1s less
than the resistance value 1n state 2; and the resistance value in
state 2 1s less than the resistance value 1n state 3. As a result,
the resistance value of the memory cell 700 1s different in
different states. Since the value of current through the
memory cell 700 1s 1mversely proportional to the differing
resistances value of the memory cell 700 1n the various states,
each of the currents 1,, 1,, 1,, and 1, have different values.
Thus, 1, 15 less than 1., 1, 1s less than 1,, and 1, 1s less than 1,.

The valueol'V,__ ,can be selected to be sulficient to create
measurable currents 1,, 1,, 1,, and 1,, but msuilicient to cause
any portion of the memory material 609 to change. For
example, the value of voltage V,__ , can be selected such that
the thicknesses of the various dielectric materials remain
unchanged. Consequently, the information stored in the
memory cell 700 can remain unchanged during and after the
read operation.

FIGS. 9A through 9F show various parts of a fabrication
process to form a memory cell, according to an example
embodiment. In FIG. 9A, a dielectric material 903 A 1s depos-
ited, thermally grown, sputtered or otherwise formed on a
substrate 901. The substrate 901 can include, for example,
any of various substrate types used 1n the semiconductor and
allied industries. Substrate types may therefore include sili-
con walers, compound wafers, thin film head assemblies,
polyethylene-terephthalate (PET) films, photomask blanks
and reticles, or numerous other types of substrates known
independently 1n the art.

The dielectric material 903A can include, for example,
s1licon dioxide (S10,), silicon nitride (S1,N ), or a number of
other types of dielectric material or materials independently
known to a skilled artisan. In other embodiments, the dielec-
tric material 903 A may consist of several dielectric layers.

In FIG. 9B, the dielectric material 903 A of FIG. 9A has
been etched or otherwise partially opened thus forming an
opened dielectric 903B. An aperture 905 1n the opened dielec-
tric 903B can take on a number of geometries. For example,
in one embodiment, the aperture has a circular shape (as seen
from a plan-view—not shown). In another embodiment, the
aperture 905 may comprise a trench having substantially
parallel sides.

In FIG. 9C, the aperture 903 1s at least partially filled with
an electrode material 906. The electrode material 906 can be
comprised of any of the materials described, above, with
reference to the lower electrode 605 or the top electrode 601
of FIGS. 6 A and 6B.

In an embodiment, the electrode material 906 can com-
pletely fill the aperture 905. In this embodiment, the electrode
material 906 may then be planarized (by, for example, chemi-
cal mechanical planarization (CMP)) to be substantially co-
planar with an upper surface of the opened dielectric 903B. In
this embodiment, an additional opened dielectric 904 may
subsequently be formed above the opened dielectric 903B
and the upper surface of the electrode material 906.

In an alternative embodiment, the electrode material 906
only partially fills the aperture 905. In this embodiment, a
remaining, unfilled portion of the aperture 9035 1s used in
subsequent fabrication process activities.

In other embodiments, the substrate 901 may instead be
comprised of one or more materials similar to the lower

clectrode 603 or the top electrode 601 of FIGS. 6 A and 6B. In

this embodiment, the process activities associated with FIG.
9C are optional as the electrode material 906 1s already
formed (1.¢., as the substrate 901).
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In FIG. 9D, the aperture 903 1s at least partially filled with
a memory material 907. The memory material 907 can be
comprised of any of the materials described, above, for the
memory material 609.

In an embodiment, the memory material 907 can fill any
remaining portion of the aperture 905 left unfilled by the
clectrode material 906. In this embodiment, the memory
material 907 may then be planarized (by, for example, chemi-
cal mechanical planarization (CMP)) to be substantially co-
planar with an upper surface of the opened dielectric 903B. In
this embodiment, another opened dielectric 908 may then be
formed above the opened dielectric 903B and the upper sur-
face of the memory material 907.

In an alternative embodiment, the memory material 907
only partially fills the aperture 905. In this embodiment, a
remaining portion of the aperture 903 is used in subsequent
fabrication process activities.

With reference to FIG. 9E, a multi-metal electrode 909 1s

formed above the memory material 907. The multi-metal
clectrode 909 can be formed either within the newly formed
aperture formed above the opened dielectric 903B and the
upper surface of the memory material 907, or within any
remaining portion of the aperture 905.

In an embodiment, the multi-metal electrode 909 1s fabri-
cated by two or more sequential depositions or other forma-
tion techniques of two or more metals. This embodiment of a
fabrication method may be used to fabricate a portion of a
memory cell similar to the memory cell 600 of FIG. 6A.
Various techniques, for example, ALD, have already been
described above with reference to FIG. 6A.

In an alternative embodiment, the multi-metal electrode
909 1s fabricated by depositing or otherwise forming two or
more metals substantially concurrently. This embodiment of
a Tabrication method may be used to fabricate a portion of a
memory cell similar to the memory cell 630 of FIG. 6B.

Regardless of which fabrication method 1s chosen, the
multi-metal electrode 909 may comprise any of the materials
described, above, with reference to the multi-layer stack elec-
trode 611 of FIG. 6 A or the mixed layer electrode 631 of FIG.
6B. After formation of the multi-metal electrode 909, an
annealing operation may be used to at least partially oxidize
one or more of the metals 1n the multi-metal electrode 909. In
one embodiment, the oxygen atoms to oxidize the one or
more of the metals 1n the multi-metal electrode 909 are sup-
plied by the memory material 907. In another embodiment,
the oxygen atoms to oxidize the one or more of the metals in
the multi-metal electrode 909 are supplied by gaseous oxygen
introduced as part of the fabrication process. In still another
embodiment, the oxygen atoms to oxidize the one or more of
the metals 1n the multi-metal electrode 909 are supplied by a
combination of the memory material 907 and the gaseous
oxygen. An optional CMP operation may be used aiter fab-
ricating the multi-metal electrode 909 to form a substantially
co-planar upper surface of the multi-metal electrode 909 and
the opened dielectric 903B.

In FIG. 9F, a top electrode 911 1s deposited, sputtered, or
otherwise formed above the upper surtace of the multi-metal
clectrode 909 and the opened diclectric 903B. Although
shown as completely covering the upper surface of the multi-
metal electrode 909 and the opened dielectric 903B, the top
clectrode 911 in some embodiments does not do so, being
applied only to a degree sulficient to enable electrical com-
munication with the multi-metal electrode 909. The top elec-

trode may be comprised of any of the materials discussed,
above, with reference to the top electrode 601 of FIGS. 6A
and 6B.
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Although the fabrication process in FIGS. 9A through 9F 1s
shown to include only two metal components 1n the multi-
metal electrode 909, one of ordinary skill 1n the art, upon
reading this disclosure, will appreciate that any number of
metals or components can be employed. Further, each of the
metals may vary in thickness relative to the one or more
additional metals. In the case of the metal components being
formed substantially concurrently, the ratio of one of the
metal components to the other metal components may be
similar or may vary considerably, one to another, and may be
held relatively constant 1n some embodiments.

The various illustrations of apparatus (e.g., the memory
device 101 and various ones of the memory cell 600, 630,
700) are 1intended to provide a general understanding of the
structure of various embodiments and are not intended to
provide a complete description of all the elements and fea-
tures of the apparatus that might make use of the structures,
feature, and materials described herein.

The apparatus of the various embodiments may include or
be included 1n, for example, electronic circuitry used 1n high-
speed computers, communication and signal processing cir-
cuitry, single or multi-processor modules, single or multiple
embedded processors, multi-core processors, data switches,
and application-specific modules including multilayer, multi-
chip modules, or the like. Such apparatus may further be
included as sub-components within a variety of electronic
systems, such as televisions, cellular telephones, personal
computers (e.g., laptop computers, desktop computers, hand-
held computers, tablet computers, etc.), workstations, radios,
video players, audio players, vehicles, medical devices (e.g.,
heart monitors, blood pressure monitors, etc.), set top boxes,
and various other electronic systems.

The various embodiments described herein include a
memory device and methods of forming the same. The
memory device can include an electrode coupled to amemory
clement. The electrode can include different materials form-
ing different portions of the electrode. These maternals can
create different dielectric materials contacting the memory
clements at different locations. Various states of the materials
in the memory device can be used to represent stored infor-
mation. Other embodiments are described above with refer-
ence to the various figures.

The above description and the drawings illustrate some
embodiments of the invention to enable those skilled 1n the art
to practice the embodiments of the invention. Other embodi-
ments may incorporate structural, logical, electrical, process,
or other changes. Examples merely typily possible variations.
Portions and features of some embodiments may be included
in, or substituted for, those of others. Many other embodi-
ments will be apparent to those of ordinary skill in the art
upon reading and understanding the description provided
herein.

The Abstract of the Disclosure 1s provided to comply with
37 C.ER. §1.72(b), requiring an abstract that allows the
reader to quickly ascertain the nature of the technical disclo-
sure. It 1s submitted with the understanding that 1t will not be
used to interpret or limit the claims. In addition, 1n the fore-
going Detailed Description, it may be seen that various fea-
tures are grouped together 1n a single embodiment for the
purpose of streamlining the disclosure. This method of dis-
closure 1s not to be mterpreted as limiting the claims. Thus,
the following claims are hereby incorporated into the
Detailed Description, with each claim standing on 1ts own as
a separate embodiment.

What 1s claimed 1s:

1. A memory device comprising:

at least one memory element to store information; and
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a first electrode coupled to the at least one memory ele-
ment, the first electrode having a plurality of metals, the
plurality of metals being dispersed substantially ran-
domly over a surtace of the at least one memory element
coupled to the plurality of metals, a first metal of the
plurality of metals having a Gibbs free energy of oxida-
tion lower than a Gibbs free energy of oxidation of a
second metal of the plurality of metals.

2. The memory device of claim 1, wherein each of the
plurality of metals 1s layered and substantially parallel to a
surface of the at least one memory element coupled to the
plurality of metals.

3. The memory device of claim 1, wherein the at least one
memory element 1s configured to store multiple bits of infor-
mation.

4. The memory device of claim 1, further including a sec-
ond electrode coupled to the at least one memory element
such that the at least one memory element 1s disposed
between the second electrode and the first electrode.

5. The memory device of claim 1, wherein the at least one

memory element includes at least one ot Pr,.Ca Mn,O, La,-
Ca, MnO,, La Sr Co Y, 110,, HtO,, or ZrO,.

6. The memory device of claim 1, wherein the at least one
memory element includes a mixed valence oxide.

7. A memory device comprising:

a plurality of metals, a first metal of the plurality of metals
having a Gibbs free energy of oxidation lower than a
(ibbs free energy of oxidation of a second metal of the
plurality of metals; and

a memory element coupled to the plurality of metals, the
memory element to provide oxygen atoms to the plural-
ity of metals when a bias voltage 1s applied across the
memory element and the plurality of metals, the memory
clement being at least partially comprised of a mixed
valence oxide.

8. The memory device of claim 7, wherein the Gibbs free
energy of oxidation of the first metal of the plurality of metals
1s more negative than a Gibbs free energy of oxidation of the
memory element.

9. The memory device of claim 7, further comprising a first
clectrode and a second electrode, the plurality of metals and
the memory element being disposed between the first elec-
trode and the second electrode.

10. The memory device of claim 7, wherein the memory
clement 1s configured to store bits of information.

11. The memory device of claim 8, wherein the memory
clement 1includes oxygen.

12. A memory device comprising:

a first electrode to be coupled to a first voltage supply

terminal;

at least one memory element coupled to the first electrode
and comprising a mixed valence oxide; and

a second electrode to be coupled to a second voltage supply
terminal, the second electrode including a plurality of
metals coupled to the at least one memory element, the
plurality of metals having at least one metal oxide to
store information in the at least one memory element in
response to an electrical bias generated by a voltage
supply, when the voltage supply 1s coupled to the first
and the second electrodes.

13. The memory device of claim 12, wherein a first metal of
the plurality of metals has a Gibbs free energy of oxidation
lower than a Gibbs free energy of oxidation of a second metal
of the plurality of metals.

14. The memory device of claim 12, wherein the at least
one memory element includes a material having oxygen.
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15. A method of forming a memory device, the method
comprising:

forming a memory material;

forming a first metal over the memory material, the first
metal having a Gibbs free energy of oxidation more
negative than a Gibbs free energy of the memory mate-
rial;

forming a second metal over the memory material, the
second metal having a Gibbs free energy of oxidation
more negative than the Gibbs free energy of oxidation of
the first metal; and

annealing the memory device to at least partially oxidize
the first metal and the second metal.

16. The method of claim 15, further comprising supplying
oxygen atoms to oxidize the first metal and the second metal
by the memory material.

17. The method of claim 15, further comprising supplying
gaseous oxygen to the memory device during the annealing to
supply oxygen atoms to oxidize the first metal and the second
metal.

18. The method of claim 15, further comprising forming
the first metal and the second metal in alternate layers.

19. The method of claim 15, further comprising forming
the first metal and the second metal concurrently.

20. A method of forming a memory device, the method
comprising:
forming a mixed valence oxide;
forming a first metal over the mixed valence oxide;
forming a second metal over the mixed valence oxide; and

at least partially oxidizing the first metal and the second
metal with oxygen atoms from the mixed valence oxide.

21. The method of claim 20, wherein forming the first
metal and the second metal over the mixed valence oxide
turther comprise:

forming the first metal having a Gibbs free energy of oxi-
dation more negative than a Gibbs free energy of oxida-
tion of the mixed valence oxide; and

forming the second metal having a Gibbs free energy of
oxidation more negative than the Gibbs free energy of
oxidation of the first metal.

22. The method of claim 20, further comprising forming,

the first metal and the second metal consecutively.

23. The method of claim 20, further comprising forming,
the first metal and the second metal concurrently.

24. The method of claim 20, wherein the first metal and the
second metal include different metal materials.

25. A memory device comprising:

a plurality of metals, a first metal of the plurality of metals
having a Gibbs free energy of oxidation lower than the
Gibbs free energy of oxidation of a second metal of the
plurality of metals; and

a memory element coupled to the plurality of metals, the
plurality of metals being dispersed substantially ran-
domly over a surface of the memory element coupled to
the plurality of metals, the memory element to provide
oxygen atoms to the plurality of metals when a bias
voltage 1s applied across the memory element and the
plurality of metals, the memory element being at least
partially comprised of a mixed valence oxide.

26. A memory device comprising:

a first electrode to be coupled to a first voltage supply
terminal;

at least one memory element coupled to the first electrode
and comprising a mixed valence oxide; and

a second electrode to be coupled to a second voltage supply
terminal, the second electrode including a plurality of
metals coupled to the at least one memory element, the
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plurality of metals being dispersed substantially ran-
domly over a surtace of the at least one memory element
coupled to the plurality of metals, the plurality of metals
having at least one metal oxide to store information 1n
the at least one memory element in response to an elec- 5
trical bias generated by a voltage supply, when the volt-
age supply 1s coupled to the first and the second elec-
trodes.
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